Abstract The role of autoimmune pathology in development and progression of chronic obstructive pulmonary disease (COPD) is becoming increasingly appreciated. In this study, we identified serum autoantibody reactivities associated with chronic bronchitis or emphysema, as well as systemic autoimmunity and associated lung disease. Using autoantigen array analysis, we demonstrated that COPD patients produce autoantibodies reactive to a broad spectrum of self-antigens. Further, the level and reactivities of these antibodies, or autoantibody profile, correlated with disease phenotype. Patients with emphysema produced autoantibodies of higher titer and reactive to an increased number of array antigens. Strikingly, the autoantibody reactivities observed in emphysema were increased over those detected in rheumatoid arthritis patients, and included similar reactivities to those associated with lupus. These findings raise the possibility that autoantibody profiles may be used to determine COPD risk, as well as provide a diagnostic and prognostic tool. They shed light on the heterogeneity of autoantibody reactivities associated with COPD phenotype and could be of use in the personalization of medical treatment, including determining and monitoring therapeutic interventions.
Introduction
Chronic obstructive pulmonary disease (COPD) is the 4th leading cause of death worldwide, ranking 3 rd in the United States [1, 2] . While primarily associated with cigarette smoking, the association is incomplete. Namely, estimates vary with approximately a quarter of all smokers going on to develop COPD [3] [4] [5] . Smoking cessation, removal of the causative factor, does not necessarily reverse disease or the associated immune activation [6, 7] , and there remains a substantial group of COPD patients who have never smoked [8, 9] . Other contributing factors must therefore exist. One such factor may be autoimmunity. Many studies have shown that hallmarks of autoimmunity are associated with COPD, and conversely, conventional autoimmune disease is often associated with chronic lung disease.
Recent studies have shown that the majority of COPD patients have increased levels of serum antibodies reactive with self-antigens [10] [11] [12] [13] [14] [15] [16] , and occurrence of antibodies to specific autoantigens correlates with disease severity [12] [13] [14] 16] . Others have shown that intentional provocation of the immune system in animal models can cause pulmonary autoimmunity. An example is disease provoked by targeted lung expression of influenza hemagglutinin (HA) peptide in mice transgenic for a HA-specific T cell receptor [17] [18] [19] [20] . In another example, immunization of rats with human umbilical vein endothelial cells resulted in an antibody and CD4? T cell-mediated emphysema [21] .
Transfer of T cells from mice exposed to cigarette smoke into Rag2(-/-) hosts has been shown to drive COPD-like disease [22] . Finally, Aire-deficient mice and humans can develop severe lung disease, presumably driven by loss of immune tolerance to antigens found in the lung [23, 24] . Evidence of this type has led to increasing acceptance among the medical community of the concept that COPD has an autoimmune component [25, 26] .
Studies of autoimmune etiology in COPD have yielded conflicting results. For example, two studies failed to detect specific autoantibodies in the sera of COPD patients [27, 28] . Also, some accept the evidence supporting the association of autoantibodies, but contend that they arise as bystanders of general inflammation and do not play any significant role in COPD pathology [29] . However, these views are not unlike historical controversy over immunopathologic roles in many diseases. Though presently identified autoantibodies may indeed not play a direct role in mediating pulmonary pathology, they are indicative of adaptive immune response to self. We posit that these autoantibodies are produced as a result of an underlying autoimmune process.
Additional circumstantial evidence of a link between autoimmunity and chronic lung disease comes from observations that a significant proportion of systemic lupus erythematous (SLE) [30] , rheumatoid arthritis (RA) [31] , and systemic scleroderma (Scl) [32] patients present with interstitial lung disease (ILD), which is associated with a worse prognosis. This type of chronic lung disease is characterized by inflammation of the pulmonary interstitium, which can result in fibrosis with ventilatory and gas exchange abnormalities. Due to the high prevalence of ILD in SLE, RA, and Scl, autoimmunity is likely an important contributor to lung pathology.
Interestingly, recent studies have shown a possible link between COPD and ILD [33, 34] . In addition to examining autoantibody profiles of COPD patients, we included sera from RA patients with and without ILD, as well as SLE with and without ILD. Our goal was to determine commonalities associated with chronic lung disease across a spectrum of systemic autoimmunity and lung diseases, in the interest of defining reactivities associated with pulmonary pathology.
We hypothesized that autoimmunity is causally related to development of COPD, likely arising as a result of inflammation triggered by environmental factors such as smoking. A critical step toward understanding the contribution of autoimmunity to COPD is the definition of the specificity of autoantibodies produced in the disease. To this end, we undertook an autoantigen array analysis of the specificity of autoantibodies associated with chronic bronchitis and emphysema. We further hypothesized that during progression to emphysema patients may exhibit differing reactivity to self-antigens than those found in chronic bronchitis. Thus, the set of autoantibody reactivities, or the autoantibody profile, of a patient may correlate with both COPD disease status and phenotype.
Methods

Patient selection
Sera were selected from de-identified banked, frozen samples collected in SST tubes (Becton-Dickinson), originally obtained through the COPDGene Ò Study. The normal subject group included both healthy smoker and non-smoker sera (n = 5, median age = 44). COPD groups included chronic bronchitis (airway disease, non-emphysematous, n = 7, median age = 61) and emphysema (n = 9, median age = 59). All COPD patients studied were classified as severe by spirometry (GOLD stage III/IV) [5, 35] . A radiologist qualitatively assessed CT scans for all COPD patients to diagnose emphysema or chronic bronchitis (airway disease).
SLE and RA patients' sera were selected from banked, frozen samples obtained through the NJH Interstitial Lung Disease Tissue Bank. SLE patient groups included those with ILD (SLE-ILD, n = 6, median age = 44) and without ILD (n = 6, median age = 51). RA patients with ILD (RA-ILD, n = 13, median age = 57) were compared with RA without ILD (n = 8, median age = 56.5). All patients were diagnosed with their respective autoimmune disease and a positive or negative diagnosis for ILD according to the ATS consensus classification [36] .
All patient samples were originally collected under approval by respective Institutional Review Boards. Samples used in this study were banked, de-identified, and results cannot be linked to subjects and are thus exempt from protection of human subjects as defined by 45 CFR 46.
Immunohistochemistry
IgG was isolated from serum samples from representative COPD patients and normal subjects. IgG purification was performed using Protein G (GE Biosciences), and purified IgG was diluted to equivalent concentration for all samples. Lung tissue originating from a lung disease-free organ donor was formalin-fixed, paraffin-embedded, and serially sectioned (4 lm). Purified IgG was diluted and applied to sections using a Dako Autostainer, and binding detected by chromogen IHC kit (Dako). Tissue sections were counterstained with hematoxylin and visualized with an Aberia ScanScope XT digital slide scanner at 20X magnification.
Autoantigen array
An autoantigen array comprised of 70 autoantigens and 8 calibration proteins (hIgG, hIgM, mIgG, mIgM, anti-hIgG, anti-hIgM, anti-mIgG, and anti-mIgM) were printed on FAST-16 slides (Whatman). Autoantigen microarrays were manufactured, hybridizated, and scanned as previously described [37] [38] [39] [40] . Briefly, antigens were diluted to printing concentration in printing buffer (Whatman) and transferred to 384-well plates. The antigens were printed in duplicates or triplicates onto nitrocellulose-coated 16-pad FAST TM slides (Whatman) by MicroGrid 610 microarray printer (Genomic Solutions Inc.). After printing, the slides were kept in a chamber with 70 % humidity for 4 h at room temperature (RT), and stored at 4°C. For hybridization, slides are normalized to RT for 15 min, and blocking buffer (Whatman) was added to each array for 60 min. Serum samples were pretreated with DNAse-I (50 U/ml) for 30 min at RT in buffer containing 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, pH 8.3. The pretreated serum samples were diluted 1:100 in blocking buffer, and diluted serum was added to each array for 1 h. Following hybridization, arrays were washed with washing buffer (Whatman). Cy3-conjugated anti-human IgG and Cy5-conjugated anti-human IgM (Jackson ImmunoResearch) at 1:1000 dilution were applied to each array and incubated at RT for 1 h. Following incubation with secondary antibodies, the arrays were washed and spun dry. Fluorescence was visualized using a Genepix 4000B scanner (Molecular Devices) with 532 nm and 635 nm wavelengths and Genepix Pro6.0 software was used to generate the Gene Pix Result (GPR) files.
Array statistical analyses
From GPR file, the average signal intensity of local background was subtracted from average signal intensity of each spot to generate the background subtracted fluorescent intensity (BSFI) of each antigen spot. The average BSFI of replicate spots is defined as the mean fluorescent intensity (MFI) of replicate assays for each antigen. MFI of each reactivity was normalized to the MFI of the respective calibration proteins spotted on the slide (e.g., human IgG and IgM) using the formula: normalized ( n MFI) = antigen MFI/calibration control MFI 9 1,000. These n MFI were utilized for all subsequent analyses.
IgM (data not shown) and IgG reactivities were compared between subject groups. Our analyses were focused on IgG as these are indicative of an autoimmune reaction sufficient to drive class switching. Data analyses were performed using GraphPad Prism version 5.0 (GraphPad Software Inc.) software. To calculate statistical significance between groups, the Mann-Whitney test was chosen. For comparison of increased reactivity in disease groups over normal, one-tailed p values of \0.05 were considered significant. In comparisons between disease groups, twotailed p values were assessed, due to the inability to predict which disease group would have increased reactivity.
Array data visualization
Data are presented as mean ± standard error of the mean (SEM). ''Fold increase over baseline'' represents the individual sample's normalized MFI divided by the mean of normal subject group reactivity. Error bars illustrate the SEM in the patient group for a given antigen reactivity. ''Galaxy plots'' illustrate the relative reactivity of each patient group with each antigen on the array using units of fold increase over baseline. Individual dots represent mean MFI for a given antigen reactivity. X, Y coordinates allow comparison of antigen reactivities between two subject groups, as well as increase over normal (reactivity defined as 1). The error bars represent the SEM of the group (horizontal: X, vertical: Y). Thus, a galaxy plot illustrates variance both within and between groups. The 45-degree line is for illustration of perfect correlation (slope = 1), and for visual reference of skewing between mean group reactivities.
Results
To first determine whether COPD patients express serum autoantibodies reactive to lung tissue, we conducted immunohistochemical (IHC) analysis of antibody binding to healthy lung tissue. The IHC analyses demonstrated that patients with COPD produce serum antibodies reactive with antigens present in healthy lung tissue (Fig. 1) . In general, sera from patients with emphysema stained with greater intensity than sera from chronic bronchitis patients. Sera contained antibodies reactive with airway-associated collagen (middle of slides). Chronic bronchitis is associated with reduced reactivity to airway (upper left) and pneumocytes (upper right) as compared with emphysema. Both patient groups showed minimal staining of the arterial endothelium (bottom). Images are representative of multiple lung sections and multiple patients for each group. Together, these findings illustrate both the presence of lung-reactive antibodies in COPD and increased autoreactivity in emphysema.
Previous studies have utilized an autoantigen array to test sera for reactivity to antigens associated with SLE, RA, and other systemic autoimmune disease [37] [38] [39] [40] . This array consists of 70 intact human, mammalian, and bacterial antigens. These antigens include either recombinant or native preparations as previously described [40] . The antigens to which significantly elevated reactivities were detected in patient sera as compared with controls are listed in Table 1 .
To begin to characterize the specificity of autoantibodies produced in COPD, we compared autoantigen reactivities of all patients diagnosed with severe COPD (GOLD stage III/IV) to normal subjects. The array analyses (Figs. 2; Table 1 ) confirmed the presence of IgG autoantibodies in COPD patients. Statistically significant increases in levels of antibodies to 24 antigens, including ubiquitous nuclear proteins and those of tissue-specific origin were detected in sera of COPD patients relative to healthy control subjects. These findings are consistent with previous reports documenting autoantibodies in sera of COPD patients [8, 14, 15] , and extend earlier findings to include previously unidentified self-reactivities.
In an attempt to determine whether autoantibody profiles differ with disease phenotype, we compared reactivities of COPD patients diagnosed with chronic bronchitis (airways disease) to those with emphysema ( Fig. 3; Table 1 ). This comparison demonstrated that although while chronic bronchitis is associated with autoreactivity, emphysema is characterized by higher levels of reactivity to many of the same antigens, as well as reactivity with additional autoantigens. In total, emphysema is associated with significant sera reactivity to 30 of the 70 autoantigens represented on the array. Notably, a significantly increased production of antibodies reactive to aggrecan, collagen, and molecules of the spliceosome was observed in emphysema sera. These data reveal an increased level of autoimmunity in emphysema compared with chronic bronchitis. RA and SLE are often associated with ILD, suggesting a spread of immunoreactivity to lung antigens. For comparison with COPD-associated reactivities, as well as to identify common autoantibody profiles associated with lung disease-we analyzed profiles of patients with diagnosed autoimmune disorders with or without lung involvement (Fig. 4) . Surprisingly, the analysis revealed that SLE-ILD patients exhibit significantly decreased reactivity to myosin, proliferating cell nuclear antigen (PCNA), and thyroglobulin than autoimmune patients without diagnosed lung disease. Additionally, RA-ILD patients showed a single significantly decreased reactivity to aggrecan, compared with RA without lung disease (RA = 2.881: RA-ILD = 1.454 mean fold increase over normal). Together, these data show that lung disease was associated with significant decreases in specific antigen reactivities in two separate autoimmune disorders.
To evaluate differences in autoantibody reactivity profile in patients with emphysema to those with diagnosed autoimmunity, we compared emphysema with RA or SLE subject groups (Fig. 5) . Emphysema subject sera showed both similar and reduced IgG reactivities as compared with SLE subject sera. Of the 7 reactivities that significantly differed between disease groups, 4 were increased in SLE and 3 were increased in emphysema. However, a general increase in autoantibody reactivities was observed in emphysema over RA, 18 of which were significant (p = \ 0.05). No autoreactivities were significantly increased in RA over emphysema. Together, these data show that the autoantibody profile associated with emphysema lies between those observed in SLE and RA.
Discussion
This study confirms and extends previous analyses of occurrence of autoantibodies in COPD patients, identifying self-antigen reactivities and their relative titers in subject sera using an array 70 of antigens previously associated with RA, SLE, Scl, and other autoimmune disorders [40] . Additionally, we included in the study sera from patients with RA or SLE, with and without lung disease, in an effort to define reactivities both common and unique to lung disease. The results of the study demonstrate that COPD patients produce autoantibodies against multiple self-antigens, including those expressed in healthy lung ( Figs. 1, 2 ; Table 1 ). Reactivities of these antibodies include antigens previously identified in COPD [8, 14, 15] , as well as antigens associated with other autoimmune diseases [40] . These findings support the hypothesis that autoimmunity is present in COPD and may be a driving factor in both disease pathology and exacerbation. The fact that the reactivities observed are not restricted to lung autoantigens raises the possibility that autoimmunity in COPD may also drive extrapulmonary disease comorbidities. Further, the breadth of the observed reactivities, including ubiquitous antigens, is not uncommon in autoimmune disorders and does not exclude a tissuerestricted pathology [41] .
Along with ubiquitous antigen reactivities, we found an increase in autoantibodies to thyroid-specific antigens, thyroid peroxidase (TPO), and thyroglobulin (Fig. 2) . These specificities are normally associated with autoimmune thyroid disease; however, the COPD patients studied here were not diagnosed with any clinical thyroid disease. Interestingly, in an earlier study by Birring et al. [8] , patients with non-smoking-related COPD had a high incidence of thyroid disease and/or anti-thyroid antigen antibodies. This raises the possibility that a link exists between thyroid autoimmunity and lung disease. Autoimmune individuals may simply be prone to develop a second, unrelated autoimmunity due to defects in the maintenance of tolerance, or lung and thyroid autoimmunity may have a direct link, in which development of one autoimmune response drives the second.
Of particular interest, we found that among COPD groups, patients diagnosed with emphysema had a broader spectrum of autoantibody reactivities, and a trend toward increased titer for most of these antibodies ( Fig. 3; Table 1 ). This finding confirms our hypothesis that autoantibody profiles differ somewhat between these disease phenotypes. The implications of this finding are that autoantibody profile may correlate with risk for development of emphysema, and may therefore be a biomarker for this disease phenotype. Additionally, the correlation of autoreactivity profiles with differential disease phenotype is further circumstantial evidence for autoimmune pathology in COPD.
Our findings of decreased autoantibodies in the subset of patients with SLE-ILD or RA-ILD, relative to autoimmune patients without lung disease (Fig. 4) are very surprising. We suggest that this may be due to two possible mechanisms. The first is that in autoimmune patients with ILD there may be some level of immune suppression. However, this would seem inconsistent with previous findings demonstrating that decreased ANA titers are associated with a better prognosis in ILD [42] . An alternative explanation lies in the possibility that autoimmune ILD patients may have skewed antibody reactivity to other autoantigens that are immunodominant over those represented on the array. These could include antigens that are important in driving the added lung disease. Immunodominance of lung antigens would explain both the decrease in sera antibodies to the primarily ubiquitous self-antigens represented on the array and could drive the development of ILD in association with autoimmunity.
The answer to how such immunodominance of lung antigens would arise may lie in the etiology of the autoimmunity. It is thought that in both RA and SLE, tissuespecific inflammation or injury is an important instigator of immune responses that spread to eventually cause systemic autoimmunity. Perhaps in patients with ILD associated with autoimmunity, the lung is the organ in which inflammation first arises, skewing the adaptive immune response. Smoking is a risk factor for development of both RA [43] and SLE [44] , so an association with lung inflammation and initiation of autoimmunity exists. Additionally, recent studies in animal models of arthritis have implicated a role for cigarette smoke in exacerbation of arthritis, though notably; cigarette smoke was insufficient to initiate arthritis or ILD in the SKG mouse model. In any case, the investigation of a role for lung-specific immunity in autoimmune initiation is difficult to test in human subjects. Assuming autoantibody reactivities are identified for pulmonary antigens as proposed above, future studies could examine the procession of immunoreactivity. In patients who develop a lunginitiated autoimmunity, one could expect to see early, perhaps preclinical onset, autoantibodies against a set of lung-specific antigens, with a spreading to ubiquitous antigens as disease progresses. Fig. 3 Autoantigen reactivity of serum antibodies are increased in emphysema relative to subjects with chronic bronchitis. Represented are the mean serum antibody reactivities to individual antigens (each dot denotes an antigen, crosshairs = SEM) of the chronic bronchitis versus emphysema groups as fold increase over normal (a). The diagonal line represents a slope of 1, and is illustrative of relative correlation. Dots falling along the diagonal reflect reactivities that are increased in both subject groups, while those removed from the diagonal are more likely to reflect variation. Relatively more autoantigen reactivity is observed in sera from emphysematous patients. Large colored dots (a) are re-illustrated below (b) as examples of variation in chronic bronchitis and emphysema antibody reactivities (*p B 0.05, **p B 0.01)
In light of these considerations, it is likely that COPD patients produce antibodies to self-antigens not represented on the array. These could include antigens that are important in lung disease pathology and are common to those produced in autoimmune ILD patients. Two separate studies have identified specific self-antigens relevant to ILD pathology driven by Aire deficiency. These antigens are vomeromodulin in mice, or a related protein, LPLUNC1 in humans [24] , and KCNRG [23, 45] , both of which are absent from the autoantigen array employed in this study. Additionally, cytokeratin 18 antibodies have been shown to be present and correlate with disease progression in COPD and were not included in this array [13] . Finally, posttranslational modifications have been proposed as an origin of neo-self antigens, and a recent study has demonstrated the presence of antibodies reactive to modified self-proteins in COPD [12] . Thus, we propose that both ILD and COPD patients have additional serum antibodies reactive to selfantigens not represented on the array.
To address this possibility, future studies should utilize approaches that assess autoreactivity to an expanded set of lung antigens. Ideally, this would include the majority of the lung proteome, as well as post-translational modifications that could result in neo-self antigens, such as those listed above. We predict that autoimmune patients with ILD will produce an increased level of autoantibodies reactive to lung-derived antigens, likely critical to ILD pathology and correlated to the decrease in reactivity to some of the ubiquitous antigens assayed in this study. Additionally, we predict that COPD patients will have both common and unique autoantibody profiles, the common self-antigens indicative of chronic lung disease, and unique characteristic of disease phenotype.
Nonetheless, it is reassuring that the array analysis was successful in confirming reactivities with both of the previously identified COPD self-antigens which were represented. These included elastin, previously shown to correlate with disease severity, and CENP-B [14, 15] . Together, these findings strengthen the positive association of autoantibodies with COPD. Limitations of this study include the number of patients studied and the advanced disease stage of patients in the COPD groups. It is possible that a study of a patient group with GOLD stage 1-2 would not yield the same findings. We plan to extend this study to investigate autoantibody profiles earlier in disease progression and attempt to replicate findings using other serum antibody detection methods, such as ELISA.
Strikingly, by the method employed, the reactivity of emphysema patient sera is remarkably similar to that observed in patients with SLE, and significantly increased over RA (Fig. 5) . The comparison of the autoantibody profiles of emphysema patients to all RA or SLE groups shows a hierarchy of autoreactivity, in which emphysema falls below that observed in SLE and above RA. This is surprising in that RA is well accepted as an autoimmune disorder, while immunopathologies in emphysema, and COPD as a whole, remain controversial.
In conclusion, we have demonstrated that COPD is associated with production of autoantibodies against a broad spectrum of self-antigens, and immunoreactivity to lung. Further, we suggest that among COPD patient groups, the autoantibody profile associated with emphysema is broader and titers increased relative to chronic bronchitis. This finding is important in defining a correlation of autoreactivity to a differential disease phenotype. We propose that future studies should attempt to identify autoantibody profiles useful as risk, diagnostic, and prognostic indicators. In fact, such findings could be utilized in predicting candidates for specific therapy, and in monitoring the success of these therapeutic interventions.
We propose that COPD is indeed associated with a substantial level of autoimmunity, as defined by an adaptive immune response to self-antigen. The spectrum of this reactivity, or autoantibody profile, is correlated to both disease status and phenotype. The grand total of autoreactivities is yet to be defined, and these findings merit a redoubling of efforts to identify the remaining unknown antigens. Further, pathologic roles for candidate autoantibodies should be investigated in transgenic or passively immunized animal models. Finally, given the association of B cell infiltrates in COPD [46] , and the findings of autoantibodies as an indicator of activation, B cell targeted therapy should be considered for trials in therapeutic intervention in COPD. 
